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1.  Neutron  Irradiation  Effects  in  In0.07Ga0.93As/Al0.4Ga0.6As  Multiple  Quantum  Wells 

Irradiation-induced  defects  in  bulk  III-V  semiconductors  have  been  the  subject  of 
many  research  interests  in  the  last  three  decades  or  so.  However,  the  irradiation  effect  on 
interfaces  in  superlattices  and  heterojunctions  and  on  various  transitions,  such  as 
intersubband  and  interband  transitions,  in  multiple  quantum  wells  have  received  little 
attention  thus  far.  Gamma-ray  irradiation  effect  on  the  intersubband  transitions  in 
InGaAs/AlGaAs  multiple  quantum  wells  have  been  recently  reported.  A  recent  report  on  the 
proton  irradiation  effect  on  GaAs  quantum  well  lasers  indicates  that  there  is  a  wavelength 
shift  in  the  lasing  spectra. 

The  interest  in  irradiation  effects  on  multiple  quantum  wells  and  superlattices  spurs 
from  the  fact  that  many  devices  based  on  ni-V  semiconductor  quantum  wells  and 
superlattices  are  components  in  systems  used  for  space  applications.  For  example,  focal 
plane  arrays  fabricated  from  GaAs  related  multiple  quantum  wells  for  long  wavelength 
application  is  a  sensor  used. in  space  for  various  applications.  The  prolonged  operation  of 
such  devices  in  space  environment  may  results  in  degradation  due  to  electron,  proton,  neutron 
and  gamma  ray  radiation.  Thus,  it  is  desired  to  study  multiple  quantum  well  structures  that 
form  the  basis  of  long  wavelength  infrared  detectors,  under  the  influence  of  various  radiation 
effects. 


In  this  section,  we  present  photoluminescence  (PL)  measurements  of  interband 
transitions  in  InGaAs/AlGaAs  multiple  quantum  wells  before  and  after  fast  neutron 
irradiation.  We  will  provide  possible  explanations  to  the  degradation  of  interband  transition 
as  the  irradiation  dose  is  increased.  The  degradation  of  the  interband  transition  was  judged 
from  the  dramatic  reduction  of  the  normalized  integrated  area  as  well  as  the  shift  in  the  peak 
position  energy  of  the  PL  spectra. 

The  multiple  quantum  well  (MQW)  structure  used  in  the  present  study  was  grown  by 
the  molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate.  The  wafer 
consists  of  50  periods  of  75A  thick  Ino.07Gao.93As  well  and  lOOA  thick  Alo.4Gao.6As  barrier. 
The  well  regions  were  Si-doped  { [Si]  =  2xl0'®  cm'^ } .  The  uniformity  of  the  wafer  was 
determined  from  the  peak  position  of  the  intersubband  transition  measurements  to  be  within 
less  than  0.5  meV  in  samples  cut  from  the  center  and  edge  of  the  wafer.  Several  samples 
were  cut  and  irradiated  with  different  doses  of  fast  neutrons  beam.  An  unirradiated  sample 
cut  from  the  same  wafer  was  used  in  a  previous  study.  The  photoluminescence 
measurements  were  performed  after  cooling  the  sample  to  a  temperature  (T)  of  25K  using  a 
conventional  set-up. 

It  was  determined  that  the  MQW  structure  used  in  the  present  study  possesses  three 
confined  energy  levels  (Ei,  E2,  and  E3)  in  the  quantum  wells.  Based  on  the  doping  level  in 
the  quantum  well  regions,  it  was  also  determined  that  the  Fermi  energy  level  is  located  above 
El  and  well  below  E2.  Thus,  one  intersubband  transition  between  the  ground  and  first  excited 
states  (El  2,  i.e.  Ei  to  E2)  should  be  observed  in  the  optical  absorption  spectrum  of  the 
reference  sample.  Indeed,  this  transition  was  observed  and  reported.  On  the  other  hand,  the 
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PL  spectrum  originated  from  the  electrons  as  they  decay  from  Ei  to  the  heavy  hole  ground 
state  (HHj)  after  the  laser  excited  them.  The  result  is  shown  in  Fig.  1  [see  spectrum  (a)]. 
This  spectrum  appears  to  be  composed  of  two  peaks:  one  is  related  to  El  to  HHi  transition 
(the  peak  at  around  1.5  eV)  and  the  other  transition  (the  peak  around  1.488  eV)  is  possibly 
related  to  the  conventional  band  edge  transition  in  the  GaAs  substrate. 
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Fig.  1 .  Photoluminescence  spectra  obtained  at  T  =  25K  and  plotted  as  a  function  of  fast 
neutron  irradiation  dose.  Spectrum  (a)  was  obtained  for  the  reference  sample  (unirradiated). 
The  rest  of  the  spectra  were  obtained  for  samples  irradiated  with  different  doses  as  indicated. 


Spectra  (b),  (c),  (d),  and  (e)  in  Fig.  1  were  obtained  for  samples  irradiated  with  fast  neutrons 
at  four  different  doses  of  4.20x10*^  cm  ^  1.20xl0'^  cm'^  3.60x10*^  cm’^  and  1.08x10^^  cm’^ 
respectively.  It  is  clear  from  this  figure  that  the  peak  at  1 .488  eV,  which  is  presumably 
related  to  the  band  edge  of  the  GaAs  substrate,  almost  disappeared  in  the  spectra  of  the 
irradiated  samples.  Additionally,  the  intensity  of  the  PL  peak  related  to  the  El  to  HHi 
transition  is  dramatically  reduced.  The  normalized  total  integrated  area  (I/Iq)  of  the  PL 
spectra  in  Fig.  1  is  plotted  as  a  function  of  the  irradiation  dose  and  shown  in  Fig.  2,  where  /  is 
the  total  integrated  area  obtained  for  the  PL  spectra  of  the  irradiated  samples  and  lo  is  the 
total  integrated  area  of  the  PL  spectrum  of  the  unirradiated  sample. 
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Fig.  2.  Normalized  integrated  area  (I/Iq)  of  the  PL  spectra  plotted  as  a  function  of  the  fast 
neutron  irradiation  dose.  Iq  is  the  integrated  area  of  spectrum  (a)  and  I  is  the  integrated  area 
for  spectra  (b)  -  (e)  in  Fig.  1. 

The  normalized  integrated  area  seems  to  decrease  exponentially  as  the  irradiation  dose  is 
increased.  The  reduction  of  I/Io  reflects  the  decrease  of  the  number  of  electrons  that  undergo 
the  interband  transition.  It  is  also  an  indication  that  the  density  of  states  in  the  conduction 
band  of  the  quantum  well  is  reduced  due  to  the  irradiation-induced  damage  at  the  interfaces. 
The  reduction  of  the  density  of  states  limits  the  number  of  electrons  excited  by  the  laser  to 
jump  from  the  valence  band  to  the  conduction  band,  leading  to  a  significant  loss  of  the  PL 
intensity. 

It  is  noted  that  the  peak  position  energy  of  the  PL  spectra  is  affected  as  the  irradiation 
dose  is  increased  as  shown  in  Fig.  3.  At  first,  the  peak  position  energy  increased  from  1.499 
eV  for  the  unirradiated  sample  to  1.506  eV  for  the  sample  irradiated  with  a  dose  of  4.2x10''* 
cm‘^.  Then  the  peak  position  energy  starts  to  decrease  as  the  irradiation  dose  is  increased. 
This  behavior  could  be  explained  as  follows.  It  is  well  known  that  many  body  effects,  in 
particular  exchange  interaction  and  depolarization  effect,  play  a  major  role  in  the  shifting  of 
the  quantized  energy  levels  in  the  multiple  quantum  wells.  It  was  determined  that  the  ground 
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state  in  the  quantum  well  conduction  band  decreased  as  the  electron  density  is  increased.  It 
was  also  observed  that  the  peak  position  energy  of  the  PL  spectrum  of  the  Ei  to  HHi 
transition  decreased  approximately  linearly  as  the  doping  level  is  increased  in  p-type  Be 
doped  GaAs/AlGaAs  multiple  quantum  wells.  In  addition,  fast  neutron  irradiation  tends  to 
bring  the  Fermi  energy  level  toward  the  center  of  the  band  gap,  due  to  the  fact  the  many 
irradiation-induced  point  defects  such  as  antisites  and  vacancies  act  as  electron  traps. 
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Fig.  3.  The  peak  position  energy  of  the  spectra  reported  in  Fig.  1  plotted  as  a  function  of  the 
fast  neutron  irradiation  dose. 

This  leads  to  reduction  of  the  two-dimensional  electron  gas  density  in  the  conduction  band 
quantum  wells.  Hence,  the  ground  state  (Ei)  in  the  conduction  band  shifted  toward  a  higher 
energy.  Accordingly,  the  separation  between  Ei  and  HH]  increased,  leading  to  an  increase  in 
the  peak  position  energy  of  the  PL  spectra  as  illustrated  in  Figs.  1  and  3. 

After  the  initial  increase  of  the  peak  position  energy  of  the  PL  spectrum  of  the 
irradiated  sample  (dose  =  4,20x10  cm  as  shown  in  Fig.  3,  the  peak  position  energy  starts 
to  decrease  as  the  irradiation  dose  in  increased.  It  is  even  noted  that  the  peak  position  energy 
of  sample  irradiated  with  a  dose  of  1.08x10^^  cm'^  is  lower  than  that  of  the  unirradiated 
sample  (reference  sample).  It  is  more  difficult  to  explain  this  behavior.  However,  one 
possible  explanation  is  that  the  high  dose  of  fast  neutron  irradiation  produces  extensive 
damage  at  the  InGaAs  well  and  AlGaAs  barrier  interfaces.  As  a  result  the  ground  states  (Ei 
and  HHi)  in  both  the  conduction  and  valence  band  quantum  wells  are  brought  closer  toward 
the  bulk  conduction  and  valence  bands  maxima  of  the  quantum  well  material.  This  leads  to 
a  significant  red  shift  of  the  PL  peak  position  energy. 
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2.  Electron  Irradiation  Effects  in  InGaAs/AlGaAs  Multiple  Quantum  Wells 

Intersubband  transitions  in  III-V  semiconductor  multiple  quantum  wells  have  been  the 
subject  of  many  studies  due  to  the  fact  that  they  form  the  basis  of  a  new  generation  of  long 
and  very  long  wavelength  infrared  detectors.  Space  application  is  one  of  the  most  recent 
uses  of  this  class  of  detectors.  For  this  type  of  application,  it  is  desired  to  study  the 
intersubband  transitions  under  the  influence  of  various  irradiation  effects  to  determine  their  . 
survivability  and  radiation  hardness  in  a  space  environment.  Irradiation  effects  on  the 
intersubband  transitions  in  GaAs/AlGaAs  multiple  quantum  wells  and  related  compounds 
have  received  little  attention.  Gamma-ray  irradiation  effect  on  the  intersubband  transitions  in 
InGaAs/AlGaAs  multiple  quantum  wells  have  been  reported.  Proton  irradiation  on  GaAs 
quantum  well  produces  a  wavelength  shift  in  the  lasing  spectra.  However,  the  electron, 
proton,  and  neutron  irradiation  effects  on  the  intersubband  transitions  have  not  been  reported 
yet.  Here  we  report  the  electron  irradiation  effect  on  the  intersubband  transitions  in  n-type 
Ino.07Gao.93As/Alo.4Gao.6As  multiple  quantum  wells.  It  is  shown  that  the  intensity  of  the 
intersubband  transitions  is  dramatically  decreased  in  heavily  irradiated  samples,  which  can  be 
explained  in  terms  of  trapping  of  the  two-dimensional  electrons  by  the  irradiation  induced 
defects.  A  negative  persistent  effect  was  also  observed  in  the  heavily  irradiated  samples.  It 
is  noted  that  the  recovery  of  the  electrons  from  this  effect  occurs  at  two  temperature  stages 
with  thresholds  at  ~140K  and  ~250K,  which  indicates  that  the  electrons  were  released  from 
two  different  traps  as  the  temperature  is  increased. 

The  multiple  quantum  well  (MQW)  structure  used  in  the  present  study  was  grown  by 
the  molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate.  The  wafer 
consists  of  50  periods  of  117  A  thick  In0.07Ga0.93As  well  and  100  A  thick  Alo.4Gao.6As  barrier. 
The  well  regions  were  Si-doped  { [Si]  =  2x10*^  cm'^}.  Several  samples  were  cut  and 
irradiated  with  different  doses  of  either  2  MeV  or  5  MeV  electrons  beams.  An  unirradiated 
sample  cut  from  the  same  wafer  was  used  in  a  previous  study.  The  infrared  absorption 
spectra  were  recorded  at  the  Brewster’s  angel  of  GaAs  (73°)  from  the  normal  using  a 
BOMEM  Fourier-transform  interferometer  in  conjunction  with  a  continuous  flow  cryostat. 
The  temperature  was  controlled  within  ±1.0K. 

The  MQW  structure  used  in  the  present  study  possesses  three  confined  energy  levels 
(El,  E2,  and  E3)  in  the  quantum  wells.  Based  on  the  doping  level  in  the  quantum  well 
regions,  it  is  determined  that  the  Fermi  energy  level  is  slightly  above  the  first  excited  sate 
(E2).  Thus,  two  intersubband  transitions  between  the  ground  and  first  excited  states  (E12  =  Ei 
to  E2)  and  between  the  first  and  second  excited  states  (E23  e  E2  to  E3)  should  be  observed  in 
the  optical  absorption  spectrum  of  the  reference  sample  (unirradiated).  Indeed,  we  observed 
these  two  transitions  in  spectrum  (a)  as  shown  in  Fig.  4.  This  spectrum  was  obtained  at  room 
temperature  and  it  exhibits  two  peaks  at  ~  780  cm  *  and  ~  980  cm  *,  which  are  assigned  to  E12 
and  E23  transitions,  respectively.  Spectrum  (b)  in  Fig.  4  was  obtained  for  the  reference 
sample  at  T  =  77K.  The  peak  position  energies  of  both  transitions  shifted  towards  higher 
energies  as  the  temperature  is  decreased.  It  is  also  observed  that  the  intensity  of  E12  transition 
increased  while  the  intensity  of  the  E23  transition  decreased  as  the  temperature  is  decreased. 
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This  behavior  can  be  easily  explained  in  terms  of  phase  blocking  and  the  dropping  of  the 
Fermi  energy  levels  as  the  temperature  is  reduced  from  room  temperature  to  77K. 

Spectrum  (c)  in  Fig.  4  was  obtained  for  a  sample  cut  from  the  same  wafer  and 
irradiated  with  2  MeV  electrons  beam.  The  irradiation  dose  was  5  cm  I  This  spectrum 
exhibits  only  one  transition  related  to  En.  The  intensity  of  this  transition  is  much  smaller 
than  that  of  the  reference  sample.  The  E23  transition  was  not  observed  in  the  irradiated 
sample.  Similar  behaviors  were  observed  in  other  samples  irradiated  with  the  same  electron 
beam  but  with  irradiation  doses  ranging  from  (1  -  4)xl0^^  cm'^.  However,  samples  irradiated 
with  5  MeV  electrons  beam  and  doses  ranging  between  2.0x10^^  cm'^  and  1.0x10^^  cm'^ 
show  only  a  slight  difference  between  their  spectra  and  the  reference  sample’s  spectrum. 
Spectrum  (d)  is  the  same  as  spectrum  (c),  but  it  was  obtained  at  77K.  The  intensity  of  the  E12 
transition  in  spectrum  (d)  is  reduced  dramatically,  but  the  transition  remains  observable. 
Similar  results  were  obtained  in  samples  irradiated  with  doses  of  (1  -  4)xl0^^  cm'^. 

It  is  also  observed  in  Fig.  1  that  the  peak  position  energy  of  the  E12  transition  in  the 
irradiated  sample  experiences  a  much  smaller  shift  with  temperature  than  the  unirradiated 
sample.  This  behavior  could  be  explained  as  follows.  The  total  integrated  area  of  the 
intersubband  transition  is  reduced  in  the  irradiated  sample,  which  is  an  indication  that  the 
total  number  of  electrons  that  undergo  this  transition  is  reduced  by  the  trapping  mechanism 
due  to  the  presence  of  irradiation-induced  defects.  It  was  also  observed  previously  that  the 
temperature  blueshift  in  the  intersubband  tan  si  lion  decreased  as  the  electron  density  in  the 
quantum  well  is  decreased.  Thus,  the  smaller  shift  with  temperature  in  the  irradiated  sample 
as  compared  to  that  of  the  unirradiated  sample  can  be  easily  explained  in  terms  of  the 
reduction  of  the  electron  density,  which  in  turns  reduce  many-body  effects  on  the  peak 
position  of  the  intersubband  transition. 


Wave  Number  (ctii^) 

Fig.  4.  Optical  absorption  spectra  of  intersubband  transitions  in  InGaAs/AlGaAs  multiple 
quantum  wells  measured  at  295K  and  77K.  Spectra  (a)  and  (b)  were  obtained  for  a 
reference  sample  (unirradiated)  and  spectra  (c)  and  (d)  were  obtained  for  a  sample 
irradiated  with  2  MeV  electron  beam  and  a  dose  of  5x10*’  cm‘^. 


The  total  integrated  area  of  the  E12  transition  in  the  irradiated  sample,  which  is  shown 
in  spectra  (c)  and  (d)  in  Fig.  4,  is  studied  as  a  function  of  temperature.  The  results  are 
presented  in  Fig.  5.  The  total  integrated  area  remains  approximately  constant  between  77K 
and  140K.  A  sudden  increase  in  the  total  integrated  area  is  observed  around  150K.  A  change 
in  the  slope  of  the  integrated  area  as  a  function  of  temperature  is  also  observed  at  around 


250K. 
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Fig.  5.  The  total  integrated  area  of  the  intersubband  transition  between  the  ground  and  first 
excited  states  in  the  electron  irradiated  InGaAs/AlGaAs  multiple  quantum  wells  measured  as 
a  function  of  temperature.  The  vertical  arrows  indicate  the  threshold  temperatures  at  which 
the  electrons  are  released  from  the  irradiation  induced  traps  to  the  quantum  wells. 


It  is  clear  from  the  present  results  that  the  electron  irradiation  with  high  doses  has 
drastic  effects  on  the  intersubband  transitions  in  InGaAs/AlGaAs  multiple  quantum  wells. 
Electron  irradiation  in  IH-V  semiconductors  is  well  known  to  produce  point  and  complex 
defects  such  as  antisites,  vacancies,  interstitials,  and  various  combinations  of  point  defects. 

In  addition,  it  is  anticipated  that  electron  irradiation  induced  defects  may  have  adverse  effects 
on  the  interfaces  in  heterostructures  which  leads  to  alternations  in  the  confined  energy  levels 
and  the  two-dimensional  electron  (hole)  gas.  Consequently,  the  interband  and  intersubband 
transitions  in  quantum  wells  and  heterostructures  are  affected  by  electron  irradiations. 

The  difference  between  the  intersubband  transition  spectra,  shown  in  Fig.  4,  in 
samples  before  and  after  electron  irradiation  can  be  explained  as  follows.  Antisites, 
interstitials,  and  vacancies  are  the  primary  point  defects  introduced  by  electron  irradiation. 
These  point  defects  may  form  complex  defects  such  as  antisite-vacancy,  Frenkel  pair  defects, 
etc.  However,  the  five  primary  electron  traps  in  electron  irradiated  GaAs  are  El,  E2,  E3,  E4, 
and  E5.  These  defects,  in  particular,  El,  E2,  and  E3  produce  energy  levels  close  to  the 
conduction  band,  which  act  as  electron  traps.  Thus,  by  irradiating  the  InGaAs/AlGaAs 
MQWs  with  2  MeV  electrons  and  doses  higher  than  IxlO^^cm’^,  one  can  introduce  various 
defects  and  electron  traps,  which  can  capture  electrons  from  the  InGaAs  quantum  wells.  The 
reduction  of  the  two-dimensional  electron  gas  in  the  quantum  wells  can  be  probed  by 
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measuring  the  optical  absorption  of  the  intersubband  transitions.  By  inspecting  the  spectra  in 
Fig.  4,  one  can  see  the  following:  First,  the  total  integrated  area  of  E12  transition  measured  at 
77  K  is  greatly  reduced  as  illustrated  in  this  figure  by  cofnparing  spectra  (b)  and  (d),  which 
are  obtained  for  the  reference  and  irradiated  samples,  receptively.  Second,  the  E23  transition 
is  not  observable  in  the  spectra  of  the  irradiated  sample,  which  indicates  that  the  Fermi 
energy  level  dropped  well  below  the  first  excited  state  (E2).  However,  it  should  be  pointed 
out  that  mixing  between  the  quantum  well  and  the  barrier  might  occur  in  the  irradiated 
sample,  which  may  cause  the  suppression  of  the  E23  transition.  This  possibility  requires 
further  studies.  Third,  the  peak  position  energy  of  the  E12  transition  in  the  reference  sample 
[spectrum  (b)]  shifted  from  ~  830  cm  ’  to  ~  770  cm  ’  in  the  irradiated  sample  [spectrum  (d)]. 
This  red  shift  indicates  that  many-body  effects,  which  depend  strongly  on  the  two- 
dimensional  electron  gas  density,  decreased  among  electrons  in  the  quantum  well.  The  above 
three  points  strongly  suggest  that  the  electrons  in  the  quantum  wells  are  removed  from  the 
well  through  trapping  and  capturing  by  irradiation  induced  defects. 

The  total  integrated  area  CO  of  the  E12  transition  in  the  irradiated  sample  [see  spectrum 
(c)  in  Fig.  1]  was  tracked  as  a  function  temperature  as  shown  in  Fig.  5.  It  is  well  known  that  1 
is  directly  proportional  to  the  two-dimensional  electron  gas  density.  Thus,  the  measurement 
of  the  total  integrated  area  provides  a  direct  monitoring  of  the  total  number  of  electrons  that 
undergo  intersubband  transitions. 

The  partial  recovery  of  1  around  150K  in  Fig.  5  is  similar  to  the  recovery  of  the  two- 
dimensional  electron  gas  in  the  negative  persistent  photoeffects  observed  in  heavily  doped  n- 
type  GaAs/AlGaAs  multiple  quantum  wells,  which  is  opposite  to  the  positive  persistent 
photoeffect  usually  associated  with  the  DX  center.  However,  the  effect  observed  around 
150  K  in  Fig.  5  is  not  a  photoeffect.  We  may  define  it  as  a  negative  persistent  temperature 
effect,  since  a  secondary  light  illumination  was  not  used  in  the  present  study  and  the  intensity 
of  the  globar  light  source  in  the  interferometer  was  too  weak  to  cause  any  persistent 
photoeffects.  The  fact  that  we  observe  a  partial  recovery  around  150K  in  Fig.  5  is  an 
indication  that  the  electrons  may  have  been  released  from  a  Si-related  complex  defect. 

The  change  in  the  slope  of  the  data  around  250K  as  shown  in  Fig.  5,  suggests  that 
another  shallow  defects  is  involved  in  capturing  the  electrons  as  the  temperature  is  decreased 
and  then  releasing  them  as  the  temperature  is  increased.  It  is  difficult  to  identify  the  atomic 
structure  of  this  trap,  but  it  may  be  related  to  an  arsenic  vacancy.  This  speculation  is  based 
on  the  theoretical  calculations  of  the  electronic  energy  levels  of  the  arsenic  vacancy  and  the 
arsenic  vacancy-gallium  antisite  pair  defects.  In  conclusion,  we  have  presented  new  results 
on  the  behavior  of  the  intersubband  transitions  in  InGaAs/AlGaAs  multiple  quantum  wells 
under  the  influence  of  2  MeV  electrons  irradiation.  It  is  observed  that  the  total  integrated 
area  of  the  intersubband  transitions  are  dramatically  decreased  after  irradiating  the  samples 
with  doses  higher  than  IxlO”  cm'^.  This  reduction  was  interpreted  as  being  due  to  the 
trapping  of  the  two-dimensional  electron  gas  by  the  irradiation  induced-defects.  The  total 
integrated  area  of  the  intersubband  transition  between  the  ground  and  first  excited  state  was 
studied  as  a  function  of  temperature.  The  results  revealed  that  two  irradiation-induced  traps 
are  involved  in  capturing  the  electrons  as  the  temperature  is  lowered  to  77K.  The  electrons 
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are  then  released  from  the  traps  as  the  temperature  is  increased  to  300K  in  two  stages  with 
thresholds  around  140K  and  250K. 

3.  Proton  Irradiation  Effects  in  GaAs/AlGaAs  Multiple  Quantum  Wells 

Proton  irradiation  effect  on  the  intersubband  transitions  in  EH-V  semiconductor 
quantum  wells  has  received  little  attention  thus  far.  The  desire  to  study  this  effect  is  based  on 
two  factors.  First,  intersubband  transitions  form  the  basis  of  a  new  generation  of  long  and 
very  long  wavelength  infrared  detectors.  Second,  space  application  is  one  of  the  most  recent 
uses  of  this  class  of  detectors,  hence  the  survivability  of  these  detectors  in  space  and  radiation 
environment  becomes  very  important.  Charge  ionization  and  atomic  displacement  are  the 
most  important  effects  in  irradiated  semiconductor  materials  and  devices.  Charge  ionization 
plays  a  major  role  in  the  device  performance  since  irradiation  induced  charge-accumulation 
has  a  detrimental  effect  oh  electronic  and  optoelectronic  devices.  Generally  speaking,  the 
charge  ionization  effect  is  sensitive  to  the  temperature  (Tj)  at  which  the  irradiation  is 
performed.  On  the  other  hand,  irradiation  induced  atomic  displacement  affects  both  devices 
and  materials.  It  is  more  profound  at  high  doses  and  less  sensitive  to  Tj. 

Irradiation  effects  on  the  intersubband  transitions  in  GaAs/AlGaAs  multiple  quantum 
wells  (MQWs)  and  related  compounds  have  not  been  thoroughly  studied.  Gamma-ray 
irradiation  effect  on  the  intersubband  transitions  in  InGaAs/AlGaAs  multiple  quantum  wells 
have  been  reported.  Preliminary  results  on  the  electron  irradiation  effects  on  intersubband 
transitions  in  InGaAs/AlGaAs  MQWs  have  been  reported  recently.  A  recent  report  on  the 
proton  irradiation  effect  on  GaAs  quantum  well  lasers  indicates  that  there  is  a  wavelength 
shift  in  the  lasing  spectra.  However,  the  proton  irradiation  effects  on  the  intersubband 
transitions  have  not  been  reported  yet.  Here  we  report  on  the  proton  irradiation  effect  on 
optical  absorption  spectra  of  the  intersubband  transitions  in  n-type  GaAs/AlGaAs  MQWs.  It 
is  shown  that  the  intensity  of  the  intersubband  transitions  is  dramatically  decreased  as  a 
function  of  irradiation  dose,  which  can  be  explained  in  terms  of  trapping  of  the  two- 
dimensional  electrons  in  the  quantum  wells  by  the  irradiation  induced  defects.  In  addition, 
we  observed  that  intersubband  transitions  in  samples  with  superlattice  barriers  degrade  faster 
than  those  transitions  in  samples  with  bulk  barriers  as  the  irradiation  dose  is  increased. 

Two  multiple  quantum  well  structures  used  in  the  present  study  were  grown  by  the 
molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate  with  0.5  pm  thick 
GaAs  buffer  layer  and  -200  A  thick  GaAs  cap  layer.  The  structures  of  the  two  wafers  are 
shown  in  Table  I.  The  barriers  of  the  wafer  labeled  “B”  are  made  of  5  periods  AlGaAs/GaAs 
superlattices,  while  the  barrier  of  the  wafer  labeled  “A”  is  bulk  AlGaAs.  The  word  “bulk”  is 
used  here  to  indicate  that  the  barrier  is  not  a  superlattice.  The  well  regions  were  Si-doped  to 
2x10’^  cm'l  ^ 

Several  samples  were  cut  and  irradiated  with  different  doses  of  1  MeV  proton  beam.  The 
infrared  absorption  spectra  were  recorded  at  the  Brewster’s  angle  of  GaAs  (73°)  from  the 
normal  using  a  BOMEM  Fourier-transform  interferometer  in  conjunction  with  a  continuous 
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flow  cryostat.  The  temperature  was  controlled  within  ±1.0  K  and  the  spectra  were  measured 
at  either  77K  or  300K. 

Table  I;  Structures  of  the  wafers  used  in  the  present  study.  All  wafers  were  Si-doped  in  the 
GaAs  well  to  2.0xi0*®cm'^.  The  barrier  materials  of  wafer  “B”  is  made  of  AlGaAs/GaAs 
superlattice. 


Wafer  A  B 


Well  thickness  (A) 

75 

105 

Barrier  material 

A1  o.sGa  o.tAs 

Alo.4Gao.6As-GaAs 

Barrier  Thickness  (A) 

100 

105  -  35 

Barrier  period 

— 

5 

MQWs  period 

50 

50 

A  few  spectra  of  the  intersubband  transitions  in  samples  cut  from  wafer  “A”  and 
irradiated  with  different  proton  beam  doses  are  shown  in  Fig.  6.  The  spectra  were  measured 
at  77K.  Spectrum  (a)  is  obtained  for  a  sample  that  received  a  dose  of  2.0xl0'^  cm'^,  which  is 
identical  to  the  spectrum  of  the  unirradiated  samples.  This  indicates  that  the  above  dose  did 
not  produce  significant  atomic  displacement  damage  to  cause  any  change  in  the  spectrum. 

As  the  dose  is  increased,  the  intensity  of  the  spectra  is  reduced.  However,  the  intersubband 
transitions  remain  observable  in  samples  irradiated  with  doses  as  high  as  5.0x10*^  cm’^.  The 
peak  position  energy  of  the  spectra  in  this  figure  is  shifted.  It  was  determined  by  measuring 
the  spectra  of  the  samples  before  and  after  irradiation  that  this  shift  is  due  to  the  non¬ 
uniformity  of  the  wafer.  It  was  found  that  the  peak  position  energies  in  samples  cut  near  the 
rim  of  the  wafer  are  higher  than  those  in  samples  cut  from  the  center  of  the  wafer. 

In  Fig.  7,  we  plotted  a  few  spectra,  measured  at  77K,  of  intersubband  transitions  in 
samples  cut  from  wafer  “B”  and  irradiated  with  different  doses.  By  inspecting  this  figure,  we 
note  that  a  dose  of  1.0x10*^  cm‘^  causes  some  change  in  the  total  integrated  area  as  compared 
the  control  (unirradiated)  sample.  We  also  observed  that  samples  cut  from  wafer  “B”  and 
irradiated  with  doses  higher  than  3.0x10'^  cm'^,  do  not  exhibit  intersubband  transitions. 
Spectrum  (f)  in  this  figure  was  obtained  for  a  sample  irradiated  with  3.0x10^^  cm'^.  The 
intersubband  transition  in  this  sample  is  still  observable.  However,  upon  increasing  the 
sample’s  temperature  from  77K  to  300K,  we  observed  two  peaks  in  the  spectrum.  The 
results  are  shown  in  Fig.  8  where  two  peaks  are  observed  in  the  spectrum  measured  at  room 
temperature. 
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Wave  number  (cm'^) 

Fig.  6.  A  few  optical  absorbance  spectra  measured  at  77K  of  intersubband  transitions 
in  GaAs/AlGaAs  MQW  samples  cut  from  wafer  “A”.  The  samples  received  different  proton 
doses. 


Wave  Number  (cm’^) 


Fig.7.  A  few  optical  absorbance  spectra  measured  at  77K  of  intersubband  transitions 
in  GaAs/(AlGaAs-GaAs)  MQW  samples  cut  from  wafer  “B”.  The  samples  received  different 
proton  irradiation  doses.  The  barrier  (AlGaAs-GaAs)  is  a  5  period  superlattice. 
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Wave  Number  (cm*) 

Fig.  8.  Two  spectra  of  intersubband  transition  in  a  GaAs/(AlGaAs-GaAs)  measured 
at  77K  and  BOOK  for  a  sample  cut  from  wafer  “B”  and  irradiated  with  a  dose  of  3x10*^  cm'^. 
Spectram  (b)  is  the  same  as  spectrum  (f)  in  Fig.  7. 

The  results  in  this  figure  could  be  explained  as  follows.  The  structure  of  wafer  “B”  was 
designed  such  that  two  bound  electronic  energy  levels  (ground  and  excited  states)  exist  in  the 
well.  The  excited  state  is  resonant  in  the  miniband  that  is  formed  due  the  superlattice  barrier. 
This  miniband  consists  of  five  close  energy  levels.  Proton  irradiation  causes  atomic 
displacement.  With  a  proton  beam  dose  of  3.0x  1 0''*  cm'^,  the  damage  is  significant  enough  to 
alter  the  interfaces  so  that  the  energy  levels  and  the  miniband  in  the  quantum  well  stmetures 
are  shifted.  Hence,  the  excited  state  in  the  quantum  well  is  no  longer  resonant  in  the 
miniband.  The  two  peaks  in  Fig.  8  (a)  are  thus  due  to  electronic  transitions  from  the  ground 
state  in  the  quantum  wells  to  the  first  excited  state  and  to  the  miniband.  This  plausible 
explanation  is  supported  by  two  reasons.  First,  the  two  peaks  in  Fig.  8  (a)  were  not  observed 
in  heavily  irradiated  samples  cut  from  wafer  “A”,  which  does  not  contain  a  miniband  in  its 
structure.  Second,  as  the  temperature  is  lowered  from  BOOK  to  77K,  the  separation  between 
the  two  peaks  decreases.  This  indicates  that  the  separation  between  the  excited  state  and  the 
miniband  decreases  as  the  temperature  is  decreased.  Similar  behavior  is  observed  in 
unirradiated  samples  designed  such  that  the  excited  state  is  not  resonant  in  the  miniband. 

Another  interesting  observation  is  seen  in  Fig.  8.  It  is  noted  that  the  total  integrated 
area  of  the  two  peaks  in  spectrum  (a)  is  decreased  as  the  temperature  is  lowered  from  room 
temperature  to  77K.  Similar  behavior  is  observed  in  heavily  electron  irradiated  samples. 

This  effect  is  designated  as  a  negative  persistent  temperature  effect.  It  was  explained  as  being 
due  to  the  presence  of  irradiation  induced  defects.  These  defects  trap  some  of  the  electrons  in 
the  quantum  wells  (two-dimensional  electron  gas)  as  the  temperature  is  lowered.  But  when 
the  temperature  is  increased,  the  electrons  are  released  back  to  the  quantum  wells. 

The  total  integrated  areas,  measured  at  77K,  of  the  intersubband  transitions  spectra 
were  studied  as  a  function  of  proton  irradiation  dose.  The  results  are  shown  in  Fig.  9. 
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The  open  squares  in  this  figure  represent  the  total  integrated  area  obtained  for 
irradiated  samples  that  were  cut  from  wafer  “A”.  Integrated  areas  of  the  irradiated  samples 
cut  from  wafer  “B”  are  presented  by  the  solid  squares. 


Fig.  9.  Total  integrated  area  of  the  intersubband  transitions  measured  for  samples  cut 
from  wafers  A  (open  squares)  and  “B”  (closed  squares)  as  a  function  proton  irradiation 
dose.  The  solid  lines  are  the  results  of  theoretical  fitting  . 

The  data  in  this  figure  were  fitted  with  the  expression  I  =  Iq  Exp(-5d),  where  I  is  the  total 
integrated  area,  Iq  is  a  fitting  parameter  but  its  value  is  close  to  the  total  integrated  area  of  the 
unirradiated  samples,  8  is  a  second  fitting  parameter,  and  d  is  the  irradiation  dose.  The  fitting 
results  are  shown  as  solid  lines  in  Fig.  9  for  both  samples  cut  from  wafers  “A”  and  “B”. 

The  5  values  obtained  from  the  fitting  procedure  are  0.014  and  0.038  for  the  samples 
cut  from  wafers  “A”  and  “B”,  respectively.  These  values  indicate  that  the  samples  with 
superlattice  bamers  degrade  at  a  faster  rate  as  compared  to  samples  with  bulk  barrier  as  the 
irradiation  dose  is  increased.  The  above  difference  in  the  5  values  can  be  explained  as 
follows.  The  structure  of  wafer  B  ’  contains  AlGaAs/GaAs  superlattice  barriers,  which 
means  that  the  number  of  interfaces  is  much  larger  as  compared  to  the  structure  of  Wafer 
A  .  The  proton  irradiation  produces  atomic  displacement  damage  including  point  and 
complex  defects  such  as  antisites,  interstitials  and  vacancies.  These  defects  play  a  major  role 
on  the  quality  of  interfaces  between  the  epitaxial  layers.  Hence,  samples  with  smaller 
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number  of  interfaces  can  withstand  higher  proton  irradiation  doses  as  shown  for  samples  cut 
from  Wafer  “A”.  The  high  5  value  in  samples  with  superlattice  barriers  was  also  confirmed 
in  another  set  of  MQW  samples  cut  from  a  wafer  with  a  structure  of  59  A  GaAs  well  and  a 
barrier  of  5  periods  59A  Alo.4Gao,6As/29A  GaAs. 

4.  Conclusions 

In  conclusion,  we  reported  on  photoluminescence  measurements  for  the  interband 
transition  in  fast  neutron  irradiated  Ino,o7Gao.93As/Alo.4Gao.6As  multiple  quantum  well 
samples.  The  PL  spectra  exhibit  a  significant  degradation  in  heavily  irradiated  samples.  The 
peak  position  energy  of  the  PL  spectra  was  observed  to  increase  and  then  decrease  as  the 
irradiation  dose  is  increased.  The  reduction  of  the  normalized  integrated  area  and  the 
behavior  of  the  peak  position  energy  of  the  PL  spectra  as  a  function  of  the  irradiation  dose 
were  interpreted  as  being  due  to  the  introduction  of  the  irradiation-induced  defects  in  the 
quantum  well  and  barrier  regions  as  well  as  due  to  the  damage  introduced  at  the  well/barrier 
interfaces. 

We  also  presented  new  results  on  the  behavior  of  the  optical  absorption  spectra  of 
the  intersubband  transitions  in  GaAs/AlGaAs  multiple  quantum  wells  under  the  influence 
of  1  MeV  proton  irradiation  and  doses  ranging  between  1.0x10*^  and  S.OxlO’'*  cm'^.  It  is 
observed  that  the  total  integrated  area  of  the  intersubband  transitions  is  dramatically 
decreased  as  the  irradiation  dose  is  increased.  This  reduction  was  interpreted  as  being 
due  to  the  trapping  of  the  two-dimensional  electron  gas  by  the  irradiation  induced-defects. 
The  total  integrated  areas  of  the  intersubband  transitions  were  studied  as  a  function  of 
irradiation  doses  for  samples  cut  from  wafers  w  ith  structures  containing  either  bulk  or 
superlattice  barriers.  The  results  reveal  that  the  intersubband  transitions  in  samples  with 
superlattice  barriers  degrade  at  a  faster  rate  as  compared  to  those  transitions  in  samples 
with  bulk  barriers. 
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